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The elucidation of the genes involved in cell wall synthesis and assembly remains one of
the biggest challenges of cell wall biology. Although traditional genetic approaches, using
simple yet elegant screens, have identiﬁed components of the cell wall, many unknowns
remain. Exhausting the genetic toolbox by performing sensitized screens, adopting chem-
ical genetics or combining these with improved cell wall imaging, hold the promise of new
gene discovery and function. With the recent introduction of next-generation sequencing
technologies, it is now possible to quickly and efﬁciently map and clone genes of interest in
record time.The combination of a classical genetics approach and cutting edge technology
will propel cell wall biology in plants forward into the future.
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CLASSICAL FORWARD GENETICS
Technological advances have changed how biological systems are
studiedbymakingiteasiertocollectvastamountsofdata,andhave
even created scenarios where entire genomes can be sequenced in
relatively short time frames. Progress in understanding complex
networks,andthefunctionalityof theircomponentshas,however,
been far slower. For example, an estimated 15% of plant genes
in Arabidopsis thaliana might be involved in the biosynthesis and
metabolismof theplantcellwallandonlyasmallsubsethavebeen
characterized (Carpita etal., 2001; Liepman etal., 2010). The task
of identifying the relevant genes in cell wall assembly and main-
tenance is a daunting one. However, deep sequencing platforms
like Illumina’s Genome Analyzer or ABI’s SOLiD have changed
the genetic horizon once again and hold the promise of narrow-
ing the knowledge gap at a quicker pace. In model systems like
Arabidopsis, this technology shrinks the time frame of position-
ally cloning a gene from months to days. For emerging models,
it means that gene mapping is within reach; creating opportuni-
ties for expanding the use of genetics in these systems. The scope
of this review is to look back at the successful application of for-
ward genetics in Arabidopsis cell wall biology and suggest that, in
light of the new sequencing platforms, it is worthwhile to inten-
sify efforts using forward genetic approaches to understand cell
wall biology.
Forward genetics is extremely powerful because of its
exploratory nature; with no bias or a priori knowledge required
about the pathways involved in a process. Forward genetics also
hastheadvantagethatitoftenutilizesmutagensthatinduceawide
spectrum of mutations, which can be used to generate an allelic
series. For example, ethyl methanesulfonate (EMS) mutagenesis
causes point mutations that can lead to amorphic, hypomorphic,
hypermorphic, neomorphic, as well as conditional mutations;
potentially obviating the pitfall of genetic redundancy or lethal-
ity. This variety of mutations far exceeds what is possible with
biological mutagens, like T-DNA or transposons, which typically
lead to amorphic alleles. Point mutations can also be informative
with respect to the domain structure of the affected gene product.
However, some of the limitations of forward genetics are that the
screening process can be slow and laborious, and identifying the
mutation using traditional positional cloning techniques can be
tedious and time-consuming.
Despite the drawbacks, many cell wall-related genes have been
identiﬁed using forward genetic screens using simple pheno-
types such as hypocotyl length or root swelling. Although many
morphological screens had a developmental rather than cell wall-
speciﬁc scope, they have provided unequivocal evidence of the
involvement of a number of genes in cell wall synthesis (see
Hématy and Höfte,2007 for review). In retrospect it might not be
surprising that the genes identiﬁed through these screens, which
focused on reduced cell elongation or anisotropy, are enriched
in components related to cellulose synthesis. Indeed, one of the
ﬁrst genes identiﬁed from these screens was a cellulose synthase
(CESA; Arioli etal., 1998). However, proteins not predicted to be
involved in cellulose biosynthesis (Nicol etal., 1998; Zhong etal.,
2000; Schindelman etal.,2001; Pagant etal.,2002) were also iden-
tiﬁed using this approach. While morphological screens might
seem too generalized, they are relatively straightforward and can
be scaled to saturation until an allelic series is generated. Since
the screens can be done on Petri plates, the only real equip-
ment that might be needed is a dissecting microscope, making
them accessible to most labs. Furthermore, because they cast a
large net, unintended targets might be identiﬁed that would be
excluded by screens that are more focused. Although their pre-
cise function is still not known, it is unlikely that many of the
non-CESA genes mentioned above would have been isolated if
not for these screens. When dealing with complex, developmen-
tally regulated structures like the cell wall it is foreseeable that we
will continue to identify many more unexpected players. It seems,
that in the case of this genetic ﬁshing expedition, the by catch is a
good thing.
Importantplayersof cellulosebiosynthesishavealsobeeniden-
tiﬁed by more focused mutant screens. These have depended on
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the use of speciﬁc inhibitors of cellulose biosynthesis or on ultra-
structural changes of the wall. For example, resistance to the
cellulose biosynthesis inhibitor (CBI), isoxaben, identiﬁed CESAs
(CESA3 and 6), which are part of the cellulose synthase complex
responsible for deposition of cellulose in primary walls (Scheible
etal., 2001; Desprez etal., 2002). The advantage of using chemi-
cals such as isoxaben is that a change in response to the chemical
is clear-cut, and if resistance mutants are desired, then it is a sim-
ple matter to select for them on plates. An alternative screening
method,which identiﬁed CESA genes involved in secondary wall-
cellulosesynthesis,wasaccomplishedbyscreeningsectionedstems
for a collapsed xylem phenotype (Turner and Somerville, 1997;
Taylor etal., 1999, 2000). Apart from CESAs this screen has also
identiﬁed genes involved in lignin synthesis (Jones etal., 2001);
again highlighting the power of genetic screens to identify a vari-
etyofcellwallconstituents.Althoughscreenslikethisonearemore
laborious than those based on inhibitor response, they obviously
identify a different spectrum of genes that available inhibitors do
not currently target.
A further reﬁnement of cell wall-directed screening was
achieved by Reiter etal. (1997) who performed a screen charac-
terizing the monosaccharide composition of the cell wall mutants
bygas-chromatography.Thisclassicandlaboriousscreenwasper-
formed on 5,200 mutagenized Arabidopsis plants resulting in 11
mur complementation groups, of which 5 have been cloned. mur
mutants with deﬁciencies in a single sugar were due to mutations
in a dehydratase (Bonin etal., 1997), an epimerase (Burget etal.,
2003), and transferases (Vanzin etal., 2002; Madson etal., 2003),
whereasmur mutantsdeﬁcientinnumerousmonosaccharidesare
due to mutations in CESA7 (Bosca etal.,2006) and SAC9,a phos-
phoinositidephosphatase(Austinetal.,2011).Asimilarscreening
protocol was utilized by Gardner etal. (2002) to identify variation
in stem cell wall composition following hydrolysis with Driselase
or triﬂuoroacetic acid. Brute-force screens like these have also
been used to identify lignin mutants, where phenylpropanoid-
deﬁcientmutantswereidentiﬁedusingthin-layerchromatography
(Chapple etal., 1992). Additional brute-force approaches might
be implemented by taking advantage of the analytical techniques
used to determine the cell wall composition like oligosaccha-
ride mass proﬁling method (Lerouxel etal., 2002; Obel etal.,
2009),comprehensivemicroarraypolymerproﬁling(Molleretal.,
2007)andFouriertransforminfraredmicrospectroscopy(Mouille
etal., 2003). Although more time consuming, the power of these
screens is that they have the potential to identify a very small sub-
set of genes, which are directly related to cell wall synthesis or
structure.
IDENTIFYING GENE INTERACTIONS
Once a mutant of interest has been identiﬁed from a forward
geneticscreen,secondaryscreeningusingthismutantbackground
allows further dissection of the affected pathway. Due to the
large number of gene families in Arabidopsis, many single gene
mutations do not result in an observable phenotype (Cutler and
McCourt, 2005). When screens are performed on a sensitized
background, however, genes with overlapping functions can be
unmasked. So, enhancer mutations might uncover a partially
redundant pathway, while suppressor mutations may uncover
interacting proteins or alternate pathways that become activated
bythesecond-sitesuppressor.Overall,modiﬁerscreensareapow-
erfuland,inplants,mostlyunderutilizedmethodforthediscovery
of gene interaction.
There are very few examples of modiﬁer screens in plant cell
wall research (Diet etal., 2006; Hématy etal., 2007). One notable
example, which demonstrates the utility of such a screen, was the
identiﬁcation of theseus1 (the1; Hématy etal., 2007), a semidom-
inant suppressor of the cellulose-deﬁcient mutant procuste1-1
(prc1-1);amutantaffectedinCESA6 (Fagardetal.,2000).Mutants
defective in prc1 display cellulose deﬁciency and develop short
hypocotyls when grown in the dark, whereas, the1; prc1-1 dou-
ble mutants suppress the short hypocotyl phenotype but not the
cellulose deﬁciency. THE1 belongs to the Catharanthus roseus
protein-kinase-1-like family that plays a role in monitoring the
integrity of the cell wall (Hématy etal., 2007). Although much
is known about maintaining cell wall integrity in yeast, in which
stress-sensing proteins act to redistribute the cell wall machin-
ery to repair cell wall damage (Levin, 2011), the identiﬁcation of
THE1 is the ﬁrst example of a potential cell wall integrity sensor
in plants. The next step is to characterize the signaling pathway
in which THE1 functions; the identiﬁcation of the upstream acti-
vators or ligand(s) of THE1 and the downstream genes in the
control of cell elongation and the defense against pathogens. In
this respect, recent studies have begun to identify the role of
the plant hormones, such as brassinosteroids, in the transcrip-
tional regulation of THE1 and other related receptor-like kinases
(Guo etal., 2009).
CHEMICAL GENETICS TO PROBE THE CELL WALL
The central principle of chemical genetics is the use of small,
chemically diverse molecules to speciﬁcally target cellular gene
products. In a manner analogous to mutation, the molecules are
used to probe biological pathways by the activity of a target pro-
tein. Combinatorial chemistry has made it possible to generate
large synthetic compound libraries, which can be used to distin-
guish multiple protein targets in a single pathway and so can be
very speciﬁc. One major advantage of chemical genetics over clas-
sical genetics is that application of the chemicals is both tuneable
and reversible. Chemicals can be targeted with spatiotemporal
precision against a selected spectrum of proteins (in contrast to
targeting one gene at a time),applied in deﬁned dosage to distinct
cells,organsordevelopmentalstages.Sincesmallmoleculescanbe
usedtoinactivateafamilyof proteinsinasinglestep,theyareideal
forfunctionalcharacterizationof geneswithredundantfunctions,
or can result in the selection of conditional mutants addressing
loss-of-function lethality. When used in combination with classi-
calgenetics,ahigh-throughputscreenmightidentifymutantsthat
display an altered phenotype such as hypersensitivity or resistance
to the chemical. Mutations conferring resistance/hypersensitivity
caneitheraffectthetargetof thechemicalorupstreamanddown-
stream components of its target of the affected biological pathway
(Raikhel and Pirrung,2005; Norambuena etal., 2009).
Successful chemical genetic screens have been used in identify-
ing components of the auxin signaling pathway (Armstrong etal.,
2004), endomembrane system and gravitropism components
(Surpin etal., 2005; Rosado etal., 2011), cytoskeleton-cellulose
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synthesis interaction in plants (DeBolt etal., 2007; Yoneda etal.,
2007, 2010), and abscisic acid (ABA) receptors (Park etal., 2009).
The use of chemical genetic screens has not been saturated in cell
wall research as it has in other organisms. However, they offer
a promising tool that, when used in combination with classi-
cal genetics, can be extremely powerful. An example of this is
the use of chemical and classical genetics to isolate ABA recep-
tors (Park etal., 2009). Here the authors were able to identify an
elusive receptor by utilizing a molecule that occupied different
chemical space from the endogenous hormone. Similar scenarios
might be imagined for cell wall structural or regulatory proteins.
Aninterestingtwistontheprincipleof chemicalgeneticshasbeen
to use an enzyme rather than a small molecule to direct a forward
genetic screen (Gille etal., 2009). In this approach the authors
used a hydrolase to identify mutants with altered response to the
enzyme.Thesuccessofthisscreenhighlightshowcellwallperturb-
ing molecules, whether small molecules, toxins or enzymes, can
beusedtoidentifynovelcellwall-relatedgenesbystraightforward
screening methods.
GENE DISCOVERY USING NEXT-GENERATION MAPPING
The whole genome sequence of model systems like Arabidopsis
greatly shortened the time required to clone a gene from years
to months, not only because it provided a reference genome but
also because it eliminated the need to identify polymorphisms
(Lukowitz etal., 2000). Despite this advance, mapping genes
remained a protracted, labor-intensive and challenging endeavor.
However,nextgenerationsequencingtechnologieshaveshortened
the time required to go from phenotype to gene down to days
rather than months. Approaches to gene mapping using whole
genomesequencinghavebeenwidelyusedtomapcausativemuta-
tions in various model organisms such as yeast (Smith etal.,2008;
Irvine etal., 2009), bacteria (Srivatsan etal., 2008), C. elegans
(Sarin etal., 2008; Zuryn etal., 2010), Drosophila (Blumenstiel
etal., 2009), and Arabidopsis (Schneeberger etal., 2009; Hong
etal., 2010; Austin etal., 2011). Many more examples of this
approach will certainly emerge and with each successive study
it is expected that the tools for mapping using whole genome
sequencing (or next-generation mapping, NGM) will continue to
improve. The cost of NGM is also expected to decrease; even
though it is already very cost effective considering the cost of
reagents and personnel hours that are required for traditional
mapping projects.
There are two basic approaches that have been used to posi-
tionally clone genes by NGM. The ﬁrst, more straightforward
approach is to sequence the mutated genome and compare it to
a reference, unmutagenized genome (Sarin etal., 2008). Because
chemical mutagens like EMS tend to induce many mutations in
the genome (Kurowska etal., 2011) the challenge is to identify
the causative mutation out of this high level of sequence varia-
tion. One strategy to mitigate this problem is to roughly map the
mutation before sequencing, so that once the mutant sequence
is available then only a region of the genome is scrutinized. This
scenario can be further improved if multiple alleles at the same
locus are available so that they can be sequenced in parallel along
with the reference. Since multiple alleles are generally desirable
anyway,this aspect of cloning does not increase the work required
to undertake NGM. The approach that has been used so far in
Arabidopsis (Schneeberger etal., 2009; Hong etal., 2010), but also
in C. elegans (Doitsidou etal.,2010),is based on bulked segregant
analysis(Michelmoreetal.,1991),wherebyamutantiscrossedtoa
divergentwild-typetogenerateF2progeny,whicharethenselected
for their mutant phenotype and whose DNA is pooled and ana-
lyzed by whole genome sequencing. Reﬁnement of this approach
hasshownthatitispossibletoaccomplishthiswithnopriormap-
ping information and using only a small F2 population to map
candidate causative mutations (Austin etal., 2011). An important
upshot of this work has been the development of a web-based,
bioinformatic tool that is freely available to the scientiﬁc commu-
nity, which can identify causative mutations in Arabidopsis (and
othermodelorganisms)oncedataisuploadedontothewebinter-
face (Austin etal., 2011). This means that non-experts have the
ability to take advantage of NGM and can easily perform their
analysis in a matter of a few hours.
The impact of NGM in model genetic systems will be
widespread.Thespeedof NGMmeansthatmultiplemutantpools
can be handled simultaneously; making it easier to approach
mutational saturation of a process and determine the relevant
pathways involved in that process. Furthermore, researchers will
now be free to spend their time designing new and inventive
screens and understanding gene interaction, rather than in the
doldrumsof mapping.Asanaddedbonus,evenmutantsobtained
from time-consuming screens, with subtle or unwieldy pheno-
types will be more easily accessed by NGM. This will include
mutations that are very sensitive to genetic background, which
are especially useful in bypassing genetic redundancy and might
have been difﬁcult to map previously. In addition, second-site
modiﬁers or, taking it one step further, polygenic traits, will be
more tractable through NGM, since candidates can be identiﬁed
directly. Finally,oneof themostexcitingprospectsof NGMisthat
mapping mutations in emerging model systems is also very close
at hand. This means that the diversity of cell walls in different
species (Popper etal., 2011) might be explored more deeply than
it has been in the past.
Inthecontextofthecellwall,thereisstillalotofopportunityto
expand the mutant collection. For example, it will be worthwhile
torevisitmanyof thesamescreensthathavebeensuccessfulinthe
past,sincemanywerenotdonetosaturation. However,becauseof
the nature of the wall simple screens based solely on morphology
orgrowthcharacteristicswillbelimited.Onelessonfromprevious
screens that is clear is that these will continue to uncover compo-
nentsof thecellulosebiosyntheticmachinery. Therefore,cellwall-
directedscreenswillideallyincorporatesomeadditionaltools.For
example, morphology based screens could be extended by utiliz-
ing any number of the available cell wall probes like monoclonal
antibodies, ﬂuorescent tags, carbohydrate binding modules, or
speciﬁc dyes. These probes could be used on tissues or speciﬁc cell
typesdependingonthemotivationbehindthescreen. Combining
chemical genetics with classical genetics also has the potential to
be very productive. Efforts could be devoted, for example, toward
identifying inhibitors that target speciﬁc cell wall constituents.
Since inhibitors can tackle functional redundancy, it would pro-
vide an alternative approach to reverse genetics in identifying
relevant enzyme and regulatory networks for cell wall synthesis.
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Onceidentiﬁed,itwouldbepossibletousetheseinhibitorstothen
isolate their targets through resistance phenotypes. Whatever the
approach, the current mutant collection has an underrepresenta-
tion of regulators for cell wall synthesis,assembly or integrity,and
futureeffortscouldstrivetofocusonidentifyingthese.Thebeneﬁt
of having at least a few regulators in hand is that it will provide a
framework for understanding cell wall dynamics.
It is an exciting time for cell wall geneticists with new emerging
ﬁelds and tools for research exploration and discovery. Retooling
what has been proven so successful in the past, the use of classical
genetics for basic research, and integrating technology in inno-
vative and novel ways, will be critical in moving forward at an
unprecedented pace in uncovering the components involved in
the cell wall.
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